The KorB protein of the broad-host-range conjugative plasmid RA3 from the IncU group belongs to the ParB family of plasmid and chromosomal segregation proteins. As a partitioning DNA-binding factor, KorB specifically recognizes a 16-bp palindrome which is an essential motif in the centromere-like sequence parS RA3 , forms a segrosome, and together with its partner IncC (ParA family) participates in active DNA segregation ensuring stable plasmid maintenance. Here we show that by binding to this palindromic sequence, KorB also acts as a repressor for the adjacent mobC promoter driving expression of the mobC-nic operon, which is involved in DNA processing during conjugation. Three other promoters, one buried in the conjugative transfer module and two divergent promoters located at the border between the replication and stability regions, are regulated by KorB binding 
L
arge, low-copy-number plasmids displaying a broad host range (BHR) carry an extended backbone of operons involved in replication, copy number control, maintenance, and in the case of self-transmissible plasmids, also conjugative transfer. Expression of these genetic units is driven by high-activity promoters and therefore imposes a substantial metabolic cost on the bacterial cell. To minimize the metabolic burden to the host, regulatory networks have evolved to diminish the backbone gene expression to a low basal level while still allowing for rapid upregulation of the transcription when needed. The regulation is achieved by autogenous repressors that produce negative-feedback loops, mediumrange repressors that control particular modules, and globally acting regulators that bind operators scattered along the plasmid molecule to coordinate expression of all modules. Fine-tuning of gene expression is postulated to be achieved by the action of corepressors and their cooperative binding in the promoter regions, which makes the plasmid highly responsive and facilitates its adaptation (1) (2) (3) (4) .
BHR plasmids from the incompatibility group IncU are widespread and ubiquitous in various aquatic environments, freshwater, fish farms, and clinical isolates (5) (6) (7) (8) . The modular-mosaic backbone of the IncU plasmids is extremely well conserved not only in its overall genetic organization but also at the nucleotide sequence level (8) (9) (10) . The mosaic character of genomes from this group is demonstrated by homology of the functional blocks involved in replication, stable maintenance, and conjugative transfer to the respective functional modules of plasmids from different incompatibility groups. Thus, the stability region of RA3 encodes seven homologs of IncP-1 proteins (11) , whereas the RA3 conjugative transfer region clusters with similarly organized modules from the PromA group of plasmids (12) (13) (14) (15) (16) . The RA3 plasmid ( Fig. 1) , the group archetype isolated from the aquatic bacterium Aeromonas hydrophila (17) , is the best-studied IncU representative. Its DNA sequence has been established (GenBank accession no. DQ401103) (10) , and individual functional modules have been analyzed (18, 19) . The plasmid encodes a number of autoregulators, i.e., RepA and RepB in the replication module (10) , KfrA and KorA in the maintenance module (18, 20) , and MobC in the conjugative transfer unit (19) . KorC, encoded in the stability module, plays the role of a global transcriptional regulator controlling replication, maintenance, and conjugative transfer functions (10, 20) .
In this paper, we reveal a regulatory role of the DNA-binding protein KorB (452 amino acids), which recognizes a specific sequence occurring in three RA3 locations (Fig. 1) . The korB gene is part of the korA-incC-korB-orf11 active partition operon, which is followed by a parS sequence (18) . The genetic organization of the RA3 segregation cassette and the structural features of the encoded partition proteins, IncC and KorB, identify it as subtype Ia, an active partition system widely distributed among bacterial plasmids and chromosomes (21) (22) (23) (24) (25) . KorB of RA3 belongs to the ParB family of plasmid and chromosomal DNA segregation factors that specifically recognize and bind centromere-like sequences named parS, spread along DNA (26) (27) (28) , and bridge and loop DNA (29, 30) , forming a nucleoprotein complex, the segrosome (31) . Subsequent interaction with the partner ATPase ParA (or its equivalent IncC in RA3) ensures a proper distribution of the segrosomes during cell division. It has been also postulated that spreading of the plasmid and chromosomal ParB family members after binding to parS may lead to transcriptional silencing of nearby promoters (2, 18, 26, 27, 30, 32) .
ParB proteins encoded by subtype Ia segregation systems were demonstrated to act as transcriptional regulators, either coautorepressors such as ParB from prophage P1 (33) and SopB of plasmid F (34) or global regulatory proteins exemplified by KorB of RK2 and R751 from the IncP-1 group of plasmids (35, 36) . Transcriptomic studies have revealed that chromosomal ParBs of Pseudomonas aeruginosa (37) and Vibrio cholerae (38) also act as global transcriptional regulators.
Here we demonstrate the activity of the segregation protein KorB in transcriptional repression of four RA3 promoters controlling the replication, stability, and conjugative transfer functions. The mechanism of the KorB action at various distances from the regulated promoters is analyzed.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Escherichia coli strains used were DH5␣ [ (39) . Bacteria were grown in L broth (40) at 37°C or on L agar (L broth with 1.5% [wt/vol] agar) supplemented with appropriate antibiotics, i.e., penicillin (Pn) (sodium salt) (150 g ml Ϫ1 in liquid media and 300 g ml
Ϫ1
in agar plates), kanamycin (50 g ml Ϫ1 ), streptomycin (Sm) (20 g ml Ϫ1 ), and chloramphenicol 10 g ml Ϫ1 . MacConkey agar base (Difco) supplemented with 1% maltose was used for the bacterial adenylate cyclase two-hybrid (BACTH) system. The L agar used for blue/white screening contained 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and 40 g ml Ϫ1 X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside).
Plasmid isolation, analysis, cloning, site-directed mutagenesis, and manipulation. Plasmid DNA was isolated and manipulated by standard procedures (41) . Plasmids used and constructed in this study are listed in Table 1 . Standard PCRs (42) were performed with RA3 DNA template and pairs of primers listed in Table 2 . For amplification of fragment encompassing orf23p and its derivative ⌬orf23p, primer annealing was performed at 54°C for 30 s and elongation at 72°C for 90 s. All PCR-derived clones were sequenced to verify the nucleotide sequence. The pAKB4.81 construct is a derivative of pAKB4.80 with a double-stranded oligonucleotide (self-annealed oligonucleotide 8) containing an EcoRI recognition site inserted in the center of the IR-SnaBI motif. The pAKB4.82 construct with a deletion of one arm of the IR-SnaBI motif was created from pAKB4.81 by removal of EcoRI DNA fragment (one EcoRI site was internal to IR-SnaBI* and the second came from the cloned DNA fragment; the coordinates of this EcoRI site in RA3 are 23480 to 23485). Two expression vectors, the high-copy-number pGBT30 based on the pMB1 replicon and the medium-copy-number pAMB9.37 based on IncA/C replicon, in which open reading frames (ORFs) were cloned under the control of tacp and lacI q , were used for regulated gene expression. To introduce mutations in the korB allele, in vitro PCR-based site-directed mutagenesis (Stratagene) was conducted on the pAKB7.7 template with the use of high-fidelity Pfu Turbo DNA polymerase. Pairs of complementary primers 6 and 7 (Table 2) were designed to introduce nucleotide substitutions in a particular region of the amplified plasmid DNA, accompanied by introduction of a new restriction site to facilitate screening. Amplified plasmid DNA was treated with DpnI to remove methylated template and then used to transform strain DH5␣. Transformants were screened for the presence of the restriction site in the plasmid DNA, and the correctness of mutagenesis was verified by sequencing.
Bacterial transformation. Competent E. coli cells were prepared by a standard CaCl 2 method (41).
Determination of catechol 2,3-dioxygenase (XylE) activity. The activity of XylE (the product of xylE) was assayed spectrophotometrically in cleared supernatants (43) of extracts from actively dividing cells (44) . The reaction was initiated by addition of 0.2 mM catechol solution. One unit of catechol 2,3-dioxygenase activity is defined as the amount of enzyme needed to convert 1 mol of catechol to 2-hydroxymuconic semialdehyde in 1 min. The protein concentration was determined using the Bradford method (45) .
Transcriptional silencing assay. Transformants of strain DH5␣ carrying pGB2 (46) or its derivative pAKB8.5I, pAKB8.81, or pAKB8.10 were transformed with pGBT30 expression vector or its derivative pMMB2.50 tacp-korB or pJSB5.67 tacp-korB111. A total of 100 l of serially diluted transformation mixtures was plated on L-agar plates selective for either the incoming or both the resident and the incoming plasmids. The double-selection plates were also supplemented with 0.5 mM IPTG to induce expression.
Stability assay. Cultures of E coli strain DH5␣(RA3) with pGBT30 vector as a control or pMMB2.50 tacp-korB were grown overnight under double selection and then every 20 generations were diluted 10 5 -fold into fresh medium supplemented with penicillin and 0.5 mM IPTG. Aliquots of 100 l of the 10 5 -fold diluted cultures were plated on L agar, from which colonies were transferred the next day onto selective plates for estimation of the number of cells retaining plasmid RA3.
Conjugation procedure. Two donor strains, E. coli DH5␣(pJSB1.24 tra)(pAMB9.37 tacp) as a control and E. coli DH5␣(pJSB1.24 tra) (pAKB5.50 tacp-korB), were grown overnight with or without 0.5 mM IPTG. The DH5␣ Rif r strain was used as the recipient. Aliquots of 100 l of overnight cultures of the donor and recipient strains were mixed (1:1) and incubated on L-agar plates for 2 h at 37°C. Cells were scraped and suspended in 2 ml of L broth, and 10-l aliquots of serial 10-fold dilutions were spotted onto L-agar plates with 100 g ml Ϫ1 rifampin and 50 g ml Ϫ1 kanamycin to estimate the number of transconjugants. In parallel, 100 l of the donor strain overnight culture was incubated on an L-agar plate for 2 h at 37°C and treated as described above to estimate the number of donor cells in the conjugation mixture. The transfer frequency was calculated as the number of transconjugants per donor cell. BACTH system. The homo-and hetero-oligomerization of KorB, KorBA111T, IncC, and Orf11 in vivo was analyzed using the bacterial adenylate cyclase two-hybrid (BACTH) system in E. coli (39) . The KorB and IncC proteins were translationally fused via either their N termini (vectors pLKB4 and pLKB2) or C termini (vectors pKGB4 and pKGB5) to CyaT18 or CyaT25 fragments. KorBA111T and Orf11 were fused with the adenylate cyclase fragments via their N termini only. The adenylate cyclase-deficient (cya) E. coli strain BTH101 was cotransformed with appropriate pairs of BACTH plasmids and plated on MacConkey medium supplemented with 1% (wt/vol) maltose, 0.1 mM IPTG, and selective antibiotics. The plates were incubated for 48 h at 27°C. The appearance of pink colonies indicated the ability to ferment maltose due to the CyaA reconstitution through interactions between the fused polypeptides. The interactions were verified independently by determination of ␤-galactosidase activity in liquid cultures (47) . The double transformants of strain BTH101 were grown overnight at 27°C in L broth with addition of penicillin, kanamycin, and 0.15 mM IPTG, and 0.2 ml of culture was taken for the assay. One unit of ␤-galactosidase is defined as the amount of enzyme needed to convert 1 mol of o-nitrophenyl-␤-D-galactopyranoside (ONPG) to o-nitrophenol and D-galactose in 1 min under standard conditions.
Protein purification. E. coli BL21(DE3) was transformed with pET28a derivative pAKB3.50 T7p-korB or pJSB6.67 T7p-korB111. N-terminally His-tagged proteins were overproduced by culturing on L broth with 0.5 mM IPTG as described previously (18), and purification was performed by affinity chromatography on Ni-TED (Macherey-Nagel) columns according to the manufacturer's instructions.
SDS-PAGE analysis of KorC and MobC overproduction.
To verify KorC and MobC overproduction in cells used for "roadblock" experiments, E. coli strains DH5␣(pAKB8.10 orf02p) (pAMB9.37 lacI q , tacp), DH5␣(pAKB8.10 orf02p)(pJSB4.7 tacp-korC), and DH5␣(pAKB8.5I parS/mobCp)(pJSB4.1 tacp-mobC) were grown to an optical density at 600 nm (OD 600 ) of 0.6 on L broth supplemented with streptomycin (20 g ml Ϫ1 ) and chloramphenicol (10 g ml Ϫ1 ) and with 0.5 mM IPTG to induce tacp. Part of the cultures was used to prepare competent cells for transformation with pMMB2.50 tacp-korB or pGBT30 vector. In parallel, soluble fractions of 2 ϫ 10 7 sonicated cells were applied to a 16% denaturing Mini-Protean polyacrylamide gel (Bio-Rad) and separated by SDS-PAGE (41) .
SEC-MALS analysis. Half-milliliter aliquots of purified His 6 -KorB (0.40 mg ml Ϫ1 ) or His 6 -KorBA111T (0.38 mg ml Ϫ1 ) were loaded on a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with size exclusion chromatography (SEC) buffer (50 mM sodium phosphate [pH 8.0], 100 mM NaCl) with three in-line detectors: UV (Äkta Purifier; GE Healthcare), multiangle light scattering (MALS) (Dawn Heleos-II; Wyatt Technology), and differential refractometer (Optilab T-rEX; Wyatt Technology). Data processing and molecular mass calculations were performed using ASTRA software (Wyatt Technology). The molecular mass of the His 6 -KorB monomer was estimated at 50 kDa by mass spectrometry (Synapt G2 mass spectrometer [Waters], nanoAcquity liquid chromatography system [Waters], Trap Column Acquity ultraperformance liquid chromatography PrST C4 VanGuard [precolumn 300A; 1.7 m, 2.1 mm, 5 mm]).
Analysis of protein-DNA interactions by electrophoretic mobility shift assay (EMSA). A DNA fragment from RA3 coordinate 9498 to 9804 was amplified on RA3 DNA with Cy5-labeled primers 9 and 10 ( Table 2) . To obtain a Cy5-labeled nonspecific DNA fragment of similar size (control), PCR was performed on pCM132 (Table 1) DNA as a template with the use of primers 17 and 18 ( Table 2 ). The PCR products were excised from the agarose gel and purified with the Gel-Out kit (A&A Biotechnology). The concentration of the isolated DNA was determined with the NanoDrop 2000 instrument. Portions (20 ng) of the Cy5-labeled DNA fragments were incubated with increasing amounts of KorB or KorBA111T (20, 40, 60 
RESULTS

Partitioning protein KorB (RA3) is a transcriptional repressor.
KorB of RA3 has been shown earlier to specifically bind the 16-bp palindromic sequence designated IR-SnaBI (TTTCGTACGTAC GAAA), an essential motif in the parS region at the border of the stability and conjugative transfer modules (18) . Inspection of the RA3 plasmid nucleotide sequence revealed the presence of identical 16-bp palindromes in two other locations ( Fig. 1 and 2A) . The first one, IR-SnaBI-1 (RA3 coordinates 2075 to 2090) is located in the divergent orf02p/orf02prev promoter region (20) between the replication module and orf02, the first ORF of unknown function in the maintenance region (10). The previously described IRSnaBI-2 palindrome (RA3 coordinates 9707 to 9722), which is integral to parS, is adjacent to the promoter of the mobC-nic operon (conjugative module) (19) and close to the nick site in the oriT region. The third conserved motif, IR-SnaBI-3 (RA3 coordinates 23579 to 23594), localizes within orf25, of unknown function, in the conjugative transfer module (18) .
The first two KorB-binding sites are located in previously identified promoter regions, while IR-SnaBI-3 sits in the center of a long multicistronic conjugative transfer operon starting at orf33p. Putative transcription initiation signals lie 1.3 kb downstream from this motif. This hypothetical internal promoter precedes orf23 and is located in the short intergenic region of 112 bp between orf24 and orf23 ( Fig. 2A) , with the Ϫ35 motif TTGACT (RA3 coordinates 22264 to 22269) separated by 16 bp from the Ϫ10 motif TTTGAT (RA3 coordinates 22243 to 22248). The putative orf23 promoter region was PCR amplified and cloned into the promoter-probe vector pPT01 (48) as a 1,403-bp DNA fragment spanning the IR-SnaBI-3 motif, orf24, and the intergenic region encompassing putative orf23p to obtain pAKB4.80. An additional construct bearing a shorter DNA fragment of 1,290 bp lacking the putative orf23p (pAKB4.90) was also constructed (Fig.  2A) . The promoter activity of those constructs together with the three transcriptional fusions in pPDB11.18 (orf02p-xylE), pMWB6.6 (orf02prev-xylE), and pJSB7.9 (mobCp-xylE) (19) was studied in exponentially growing cultures. The three previously identified promoters showed fairly diverse activity (orf02p, 5.5 U of XylE activity; orf02prev, 1.6 U; and mobCp, 0.5 U), and the putative orf23 promoter showed an intermediate activity of 1.8 U.
No transcription was detected from the pAKB4.90 construct, confirming our prediction that the 112-bp region immediately upstream of orf23 is the promoter region (Fig. 2B) .
Since the distances of the three KorB-binding sites from the Ϫ35 promoter motifs are remarkably divergent (46, 85, and 1,317 bp upstream of mobCp, orf02p, and orf23p, respectively, and 150 bp downstream of orf02prev), we asked whether KorB could function as a repressor for all these promoters.
The role of KorB as a repressor was tested with the use of a two-plasmid regulatory system (44) comprising expression con-structs containing the xylE reporter gene under the control of the promoter of interest with its adjacent KorB-binding site in a native arrangement and a plasmid encoding the KorB protein or empty vector. We used previously constructed plasmids pPDB11.18 (orf02p-xylE) and pMWB6.6 (orf02prev-xylE) (20) for IRSnaBI-1, pJSB7.9 containing mobCp-xylE (19) for IR-SnaBI-2, and pAKB4.80 (orf23p-xylE) for the third KorB-binding motif. E. coli DH5␣ strains carrying any of these plasmids were transformed with the empty expression plasmid pGBT30 (44) or its derivative pMMB2.50 with korB under the control of tacp. Catechol 2,3-oxygenase activity was assayed in extracts from the double transformants grown without IPTG (leaky tacp provides a low level of expression of korB gene sufficient for repression and not slowing the growth, the effect observed with KorB overproduction). A pairwise comparison of XylE activity in the transformants with pMMB2.50 and with pGBT30 showed that KorB reduced the activity of all the promoters assayed, but to different extents: almost 5-fold in the case of orf02prev, 2-fold for mobCp and orf02p, and by only 30% for orf23p (Fig. 2C) . When KorB was overproduced, the repression index increased to 8-fold for orf02prev, 3-to 4-fold for orf02p and mobCp, and 2-fold for orf23p.
To verify the role of the IR-SnaBI motif in KorB action, the IR-SnaBI sequences adjacent to orf02p and orf23p were disrupted by insertion of a 12-bp oligonucleotide to give pAKB4.20 and pAKB4.81, respectively. The comparison of XylE activities in E. coli transformants with pPDB11.18 (orf02p-xylE) versus pAKB4.20 (orf02p IR-SnaBI*-xylE) and pAKB4.80 (orf23p-xylE) versus pAKB4.81 (orf23p IR-SnaBI*-xylE) demonstrated that insertions did not affect transcriptional activities of the modified promoter regions in the absence of KorB. The basic level of KorB in the DH5␣(pAKB4.20 orf02p IR-SnaBI*-xylE)(pMMB2.50 tacpkorB) and DH5␣(pAKB4.81 orf23p IR-SnaBI*-xylE)(pMMB2.50 tacp-korB) double transformant cells did not lead to repression (Fig. 3A and B) , in contrast to 50% and 30% KorB repression observed for the promoters with unmodified operators in orf02p-xylE and orf23p-xylE (Fig. 2C) . IPTG induction of tacp-korB in the double transformants with disrupted KorB operators (O B s) decreased XylE activities by 20% (Fig. 3A and B) , a much milder repression effect than observed for the unmodified promoters under the same conditions (3-fold repression and 2-fold repression of orf02p and orf23p, respectively). When instead of disrupting the motif by insertion we destroyed the IR-SnaBI-3 palindrome by removing one of its arms (pAKB4.82), the repressibility of the orf23 promoter by KorB was completely lost even in the presence of excess KorB (Fig. 3) . These results confirmed that the repression by KorB was dependent on its binding to the IR-SnaBI motif (18) is indicated with a dashed line, while the nick site (nic) in the oriT (10) is indicated by a triangle. The scheme is not drawn to scale, but RA3 nucleotide sequence coordinates are given at both ends of fragments, at the nick site, at the start of Ϫ35 motifs, and in the centers of palindromic regulatory sequences. (B) Transcriptional activities of RA3 DNA fragments cloned into promoterprobe vector. Expression of the reporter gene xylE was analyzed by measuring the catechol 2,3-oxygenase activity in cell extracts from exponentially growing cultures of DH5␣(pPDB11.18) (orf02p-xylE), DH5␣(pMWB6.6) (orf02prev-xylE), DH5␣(pJSB7.9) (mobCp-xylE), and DH5␣(pAKB4.90) (orf23p-xylE) transformants. Mean values with standard deviations for at least three assays are shown. (C) Activities of promoters in the presence of KorB. DH5␣ strains with promoter-probe vectors as in panel B, harboring DNA fragments as indicated on the left, were transformed with empty expression vector pGBT30 (control) or with its derivative pMMB2.50 tacp-korB. XylE activity was assayed in extracts from exponentially growing cultures and is shown as the proportion between control (taken as 100%, gray bars) and korB-expressing (black bars) strains. Mean values with standard deviations for at least three assays are shown. A parametric t test performed for the data before normalization showed that all the differences were statistically significant, with P values in a range from 0.00001 to 0.03.
in vivo and prompted us to designate the IR-SnaBI sequences KorB operators (O B s). The above results together with our previous studies indicating the lack of KorB effect on korAp expression (18) clearly show that KorB repression of promoter activity is utterly dependent on the presence of its operator in cis.
IncC and Orf11 proteins relieve KorB-dependent repression. Earlier studies on the KorB homolog from the IncP-1 plasmid RK2 have demonstrated an enhancement of KorB DNA binding in vitro and of KorB-dependent repression in vivo by the cognate IncC-1, the longer version of IncC and the KorB partner protein in partitioning (36, 49) . In RA3, the IncC protein (Walker-type ATPase) corresponds to the short IncC-2 variant from RK2, and a third component, Orf11, is required for full activity of the partition system (18) (Fig. 4A and B) are shown relative to the XylE activities obtained for DH5␣ with the respective promoter-probe vector and two empty expression vectors, pGBT30 and pAMB9.37. The IncC and Orf11 proteins did not affect the activity of orf02p or mobCp in the absence of KorB, but both slightly alleviated the repression of either promoter by Kor-B RA3 (Fig. 4A and B) . Notably, such interference with KorB repression was seen not only in the case of mobCp, adjacent to the parS region, but also for orf02p, which is not engaged in partitioning (18) . This suggested direct protein-protein interactions, which were further studied using a two-hybrid system.
KorB homo-and heterodimerization analyzed with the BACTH system. incC, korB, and orf11 coding sequences were each cloned into four bacterial adenylate cyclase two-hybrid (BACTH) vectors (39, 50) to link the respective proteins via either the N or the C terminus with CyaA fragment T18 or T25. The E. coli BTH101 cyaA strain was cotransformed with appropriate combinations of two BACTH vectors to test the proteins' interaction, monitored by CyaA reconstitution. Control strains contained at least one empty BACTH vector. The transformants were analyzed on MacConkey agar plates with maltose as a carbon source and in liquid cultures for ␤-galactosidase activity. Both homodimerization of KorB and IncC and KorB-IncC heterodimerization were observed. The strongest KorB-KorB interaction (Table 3) occurred when KorB was fused via its N terminus with the CyaA fragments and had the C-terminal domain free (1,200 U of ␤-galactosidase activity); the interaction was 2-fold weaker when one or both KorB fusions were C terminal. Strong IncC-IncC dimerization (1,500 U of ␤-galactosidase) was found only for IncC fused via its C terminus with the CyaA fragments. A KorBIncC interaction was observed only for N-terminally fused KorB, confirming the critical role of a free C-terminal domain for both homo-and heterodimerization of KorB. The interaction was somewhat stronger with C-terminally fused IncC (800 U) than with the N-terminally fused one (550 U); thus, the N terminus of IncC not only is critical for IncC homodimerization but also affects the interaction with KorB. For the Orf11 protein, no interactions with KorB or IncC were detected (data not shown).
KorB action at a distance requires KorB polymerization on DNA. Since the regulation of gene expression by KorB RA3 occurs at various distances (46 to 1,317 bp) and positions (upstream/ downstream) from the promoter (Fig. 2A) , the mechanism of KorB action, similarly to that for other ParB family members (2, 18, 26, 27, 30, 32) , could involve spreading on DNA and thereby limiting RNA polymerase (RNAP) access to the promoters (51). Previously we have demonstrated KorB-mediated silencing (18) using either an intact parS region (pAKB8.5I) or an oligonucleotide with a KorB binding site (pAKB8.8) cloned close to repAp in the test plasmid pGB2 (46) . We extended those studies to check whether similar KorB action takes place on another O B and whether KorB silencing is effective at a long distance. The DNA fragment of 176 bp harboring orf02p with O B 1 was cloned into pGB2 (pAKB8.10), whereas a 1.9-kb fragment, originating from pKRP12 (Table 1) , was inserted between O B and repAp in the previously tested pAKB8.8 to create pAKB8.81 (O B ϩ1.9 kb). For the silencing test, DH5␣ strains carrying empty pGB2, pAKB8.10, or pAKB8.81 were transformed with the expression vector pMMB2.50 tacp-korB or an empty expression vector (pGBT30) and plated on L agar with penicillin (Pn), selecting for incoming plasmid only, or plated on L agar with Pn and streptomycin (Sm), selecting for both resident and incoming plasmids or for both plasmids under conditions of KorB overproduction (Pn, Sm, and 0.5 mM IPTG). Overproduction of KorB had no effect on the number of transformants of DH5␣(pGB2) growing on the different selective media (data not shown), but it drastically (10 4 -fold) decreased the number of transformants of DH5␣ (pAKB8.10) on double-selection plates with IPTG (Fig. 5A) . A similar profound drop in the number of transformants on doubleselection plates with IPTG was observed when the 1.9-kb insertion (O B ϩ1.9 kb) separated O B from the repA gene (pAKB8.81), demonstrating the potential for KorB to spread on DNA at long distances (Fig. 5A ). No such effect was observed for the control strains transformed with empty pGBT30 (Fig. 5A) .
A KorB variant defective in polymerization on DNA but not in DNA binding has no repressor activity. An earlier analysis of orf02p activity measured by the XylE level in the presence of one or two overexpressed proteins produced in trans from the expression vectors is shown relative to the activity in DH5␣(pPDB11.18)(pAMB9.37)(pGBT30). Mean values with standard deviations for at least three experiments are presented. The data obtained for KorB versus KorB/IncC or KorB/Orf11 were analyzed statistically by a parametric t test, yielding P values of 0.00009 and 0.0024, respectively. (B) E. coli DH5␣(pJSB7.9 mobCp-xylE) was transformed with two compatible expression vectors, pAMB9.37 and pGBT30, or their derivatives overproducing KorB (pAKB5.50), IncC (pAKB2.40), or Orf11 (pMMB2.60). mobCp activity measured by XylE level in the presence of one or two overexpressed proteins produced in trans from the expression vectors is shown relative to the activity in the control strain DH5␣ (pJSB7.9)(pAMB9.37)(pGBT30). Mean values with standard deviations for at least three experiments are presented. The data obtained for KorB versus KorB/IncC or KorB/Orf11 were analyzed statistically by a parametric t test, yielding P values of 0.0009 and 0.0026, respectively. the ParB protein from P. aeruginosa, a close homolog of plasmidic KorBs, has defined the protein interface responsible for polymerization on DNA (28). We took advantage of this information to study the impact of polymerization on the repressor action of KorB. Site-directed mutagenesis was used to introduce the amino acid substitution A111T in KorB RA3 , corresponding to the P. aeruginosa ParB polymerization mutation in the conserved box II region (28) . The mutant allele was cloned into an expression vector to create pJSB5.67 tacp-korB111. The KorBA111T protein was tested as described above for the ability to spread on DNA in vivo and silence adjacent genes in a pGB2 test vector derivative, pAKB8.5I. KorBA111T had no effect on pAKB8.5I maintenance, indicating a lack of silencing activity (Fig. 5B) . KorBA111T demonstrated dimerization properties in vitro and in vivo that were similar to those of wild-type (WT) KorB. When examined in vitro with the SEC-MALS technique, both variants existed as dimers in solution, since their apparent molecular mass was 100 kDa (Fig. 6A) , whereas the molecular mass of the monomer as estimated by mass spectrometry is 50 kDa. The mutant protein KorBA111T also formed dimers with WT KorB in the BACTH system, producing approximately 800 U of ␤-galactosidase activity (Fig. 6B) .
To verify whether the silencing defect of KorBA111T results from its inability to polymerize on DNA or to bind specific parS DNA, an EMSA analysis was undertaken with a Cy5-labeled DNA fragment with O B 2 (RA3 coordinates 9498 to 9793) and purified His 6 -tagged KorBA111T or WT KorB protein. As a control, a nonspecific DNA fragment was used. DNA-protein complexes were separated by PAGE. No binding to the control fragment was detected in the range of protein concentrations applied (Fig. 6C,  upper panel) . No significant differences in binding affinity toward the Cy5-labeled fragment with O B 2 were observed between WT KorB and KorBA111T (Fig. 6C, middle and bottom panels) . These results clearly indicate that although the mutant KorBA111T is deficient in silencing activity, it retains the DNA-binding ability.
Finally, the repressor activity of KorBA111T was analyzed in vivo in the two-plasmid regulatory system. E. coli DH5␣(pJSB7.9 mobCp-xylE) was transformed with the expression plasmid pJSB5.67 tacp-korB111 and the empty vector pGBT30 or pMMB2.50 tacp-korB as controls. The mutant KorBA111T did not repress the mobC promoter (Fig. 6D) , confirming that the KorB spreading on DNA is critical for its regulatory activity.
Influence of other proteins on KorB spreading. Three KorBcontrolled promoters (orf02p/orf02prev and mobCp) are regulated by other plasmid-encoded repressors, raising the question about the possible cooperativity of KorB with those proteins. The divergent promoters orf02p and orf02prev are both tightly regulated by KorC repressor (repression index, 100-fold at low Ϫ1 BSA) at 37°C for 15 min. A negative control (Ϫ) comprised all reaction components without the KorB protein or KorBA111T. Samples were separated on 5% native polyacrylamide gels in 1ϫ TBE buffer. Arrows indicate the position of unbound Cy5-labeled DNA fragments. The gel images were scanned and analyzed with ImageQuant. The bottom panel represents the percentage of free specific Cy5-labeled DNA probe plotted against the protein concentration applied. Gray, KorB; orange, KorBA111T. (D) Repressor activity of KorBA111T toward mobCp. E. coli DH5␣(pJSB7.9 mobCp-xylE) was transformed with expression vector pGBT30 (control strain) or with its derivative pJSB5.67 tacp-korB111. XylE activity in the presence of KorBA111T (orange bar) was assayed in extracts from exponentially growing cultures and is shown relative to the control (dark gray bar) taken as 100%. Results obtained for WT KorB RA3 are included for comparison (light gray bar). Mean values with standard deviations for at least three assays are shown. A parametric t test performed for the data before normalization indicated a significant difference between KorB and KorBA111T (P value of 0.009).
KorC concentration). KorC binds to its operator O C 1 located between the Ϫ35 and Ϫ10 motifs for orf02p ( Fig. 2A) and overlapping the predicted transcription start site (TSS) for orf02prev (20) . The mobC promoter has been shown to be shut off by MobC binding to an imperfect palindrome O M overlapping both the Ϫ35 and Ϫ10 motifs of mobCp (19) . Such a strong regulation of those promoters by dedicated repressors precluded direct studies of their cooperativity with KorB, a weak repressor. The putative interference between KorC/ MobC and KorB was therefore analyzed using a transcriptional silencing assay.
pGB2 derivatives harboring the orf02p (pAKB8.9) or parS/ mobCp (pAKB8.5I) promoter regions were constructed in such a way that the binding of KorC or MobC to their cognate operators would create steric hindrance for polymerizing KorB to reach repAp. E. coli DH5␣(pAKB8.5I) and E. coli DH5␣(pAKB8.9) were transformed with the expression plasmids pJSB4.1 (tacp-mobC) and pJSB4.7 (tacp-korC), respectively. The transformed cells were made competent under conditions that induced the production of MobC and KorC (Fig. 5C ) and then transformed with pMMB2.50 (tacp-korB) or pGBT30 as a control. The transformants were selected directly on triple-selective plates with or without IPTG induction of expression of the regulatory genes. For the both promoter constructs assayed, induction of korB expression by IPTG led to silencing of the repA gene, resulting in a 10 4 -fold decrease in the number of transformants (Fig. 5D ), indicating that KorB could reach the distant DNA from its operator O B despite the presence of a high level of another repressor.
Effects of KorB excess on RA3 biology. KorB-binding sites occur at three locations in the RA3 backbone (Fig. 1) , and each site was shown here to be involved in the regulation of gene expression. We decided to check the effects of KorB excess on core biological functions of the RA3 plasmid. First, the effect on RA3 maintenance was tested. E coli DH5␣(RA3) was transformed with empty pGBT30 vector as a control or pMMB2.50 tacp-korB. Overnight cultures of such double transformants grown in the presence of chloramphenicol and penicillin were diluted into medium with penicillin only and 0.5 mM IPTG to select for pMMB2.50 or pGBT30 and to induce tacp and were passaged in this medium every 20 generations. At each passage, culture samples were checked for RA3 retention. Severe RA3 destabilization (98% cells had lost the RA3 plasmid) was observed already after 20 generations of growth in the presence of KorB excess (Fig. 7A) . No loss of RA3 following 60 generations on medium lacking chloramphenicol was observed in a control strain harboring the empty expression vector DH5␣(RA3)(pGBT30).
The O B 1 operator in the divergent promoter region orf02p/ orf02prev mediates repression by KorB of transcription from orf02p toward the stability module but also that from orf02prev toward oriV RA3 (A. Markowska, unpublished data). To verify the direct impact of KorB on plasmid replication, the RA3 minireplicon pJSB18 (20) without the stability module was used. E coli DH5␣(pJSB18) was transformed with the BHR expression vector pAMB9.37 (pBBR-MCS1 lacI q , tacp) or its derivative pAKB5.50 (tacp-korB). The transformants were selected for the incoming plasmid only or for both the resident and incoming plasmids. Selection for the incoming plasmid yielded similar transformation frequencies of over 10 4 colonies per 1 ml of the transformation mixture for either plasmid. A similar number of well-grown colonies was obtained on double-selection plates for the control transformation with pAMB9.37 (Fig. 7B) , while for pAKB5.50, approximately 10-fold-fewer minute colonies per plate appeared, with only a few of them of slightly larger size, indicating strong KorB interference with the replication of the RA3 minireplicon.
The presence of two KorB-binding sites in the conjugative transfer region, one upstream of the mobC-nic operon and another in orf25, 1 kb upstream of orf23p, suggests that KorB could have an impact on the efficiency of conjugative transfer. We therefore checked the effect of KorB excess on the self-transmission of plasmid pJSB1.24, a pBGS18 derivative carrying a functional RA3 conjugative transfer module (52) . E coli DH5␣(pJSB1.24) was transformed with pAMB9.37 (pBBR-MCS1 lacI q , tacp) as a control or its derivative pAKB5.50 tacp-korB. Double transformants were grown overnight with or without 0.5 mM IPTG and used as donor strains in the conjugation experiments. No effect of KorB on the efficiency of conjugative transfer of pJSB1.24 was observed, irrespective of the level of KorB overproduction (Fig. 7C) , indicating that KorB does not significantly disturb conjugative transfer under the conditions tested.
DISCUSSION
Partition protein KorB RA3 acts as transcriptional regulator binding at various distances from promoters. In this paper, we have demonstrated that KorB, an essential component of the active partitioning complex of the conjugative BHR plasmid RA3 (18) , has a second important function as a global transcriptional regulator. It was found earlier that KorB specifically binds the palindromic motif IR-SnaBI, the key element in the parS sequence. During this study, the three KorB-binding sites in the RA3 genome ( Fig. 1) were shown to act as KorB operators (O B s) involved in the regulation of four promoters. The O B s are distant from each other and are located throughout the plasmid molecule in positions enabling regulation of three major backbone modules, i.e., replication, stability, and conjugative transfer (Fig. 1) . Interestingly, KorB can regulate transcription by binding close to or far from the promoter (next to the Ϫ35 motif, 85 bp upstream or 150 bp downstream, or as far away as 1,300 bp upstream of the promoter). The KorB operators are not located at typical positions to block RNA polymerase binding; therefore, the question regarding the mechanism of the KorB action arose.
Being a partition protein, KorB can spread along DNA starting from a specific binding site (18) , which is not common among transcriptional repressors. The spreading capacity shown for a number of ParB family members belonging to the subtype Ia partition systems (2, 26, 27, 32) is believed to contribute to the formation of a large nucleoprotein complex stabilized by DNA looping and bridging (29, 30, 53) . KorB RA3 was examined here for spreading on DNA at different distances from the O B in the test plasmid pGB2 and showed a high potential of gene silencing over a distance of approximately 2 kb (Fig. 5A, pAKB8.81) . A homologous partition and regulatory protein, KorB from plasmid RK2 (IncP-1), plays a central role in transcriptional regulation through binding at 12 highly conserved operators positioned at highly diverse distances upstream from promoters (from 10 bp to over 1 kb) in the RK2 genome (2, 49) . The KorB RK2 action at a distance was proposed to be based on a specific KorB-DNA interaction at the O B complemented by spreading and looping but also to involve interactions with other global repressors, KorA or TrbA, to block RNA polymerase (2, 54) .
Polymerization-deficient KorB RA3 is unable to repress transcription. The role of KorB RA3 spreading in the repression at various distances was tested using a KorB spreading-deficient mutant with a single amino acid substitution of a conserved alanine residue in box II motif at the N terminus. The KorBA111T variant retained the dimerization and DNA-binding abilities but was unable to repress the mobC promoter with O B 2 only 46 bp upstream of the Ϫ35 motif. The spreading-dependent mechanism of Kor-B RA3 repressor action can involve short-range and long-range interactions, depending on the promoter-operator distance. In two RA3 promoters, orf02p and mobCp, the arrangement of the operator sites could be expected to impose some constraints on the KorB spreading, since binding sites for the strong repressors KorC (20) and MobC (19) are located between the O B operator and promoter motifs. However, we found that oversupply of KorC or MobC did not impede the KorB-exerted silencing effect (Fig. 5C) , suggesting an ability of KorB not only to spread along DNA but also to form long-range interactions with DNA. The spreadingbridging model of ParB interactions with DNA (29) explains how a partition protein establishes long-range contact with distant DNA regions and exerts a regulatory effect.
KorB RA3 is a global regulator of plasmid replication, stable maintenance, and conjugative transfer. The RA3 KorB-dependent promoters determine expression of crucial diverse plasmid functions such as replication (orf02prev), maintenance (orf02p), and conjugative transfer (mobCp and orf23p). These promoters display high activity as measured by reporter gene expression (0.5 to 5.5 U of XylE activity), which is downregulated only 1.5-to 5-fold by KorB (Fig. 2C and D) . The strongest (5-fold) repression is exerted by KorB toward orf02prev, where the O B site is in an atypical position, 150 bp downstream of the Ϫ35 motif. Three out of the four KorB-dependent promoters are strongly regulated by their primary repressors, KorC (orf02p and orf02prev) and MobC (mobCp); therefore, repression by KorB is apparently required only for the fine-tuning of the promoters, at least in E. coli. In the case of orf23p, the KorB-exerted repression is also subtle, and we cannot exclude the possibility that this promoter is regulated by another, as-yet-unrecognized protein. However, we could not detect any cooperativity between the primary repressors and KorB RA3 , in contrast to KorB RK2 interacting with two global repressors, KorA and TrbA (3, 54, 55) . Cooperativity between repressor proteins may be important for medium-strength repressors in certain circumstances (4) but not valid for strong and weak repressors interfering with transcription at different levels.
Although KorB seems to have a moderate influence on the levels of RA3 gene expression, it revealed a drastic effect on plasmid stability, causing its immediate loss when overproduced in trans. This effect could be accounted for by the influence on the orf02 promoter, predicted to drive transcription of the whole maintenance module (20) , or by negative regulation of transcription from orf02prev, which is important for RA3 replication initiation (A. Markowska, unpublished data). The latter is likely to play a more important role, since a minireplicon of RA3 lacking the stability module was unable to establish itself in the recipient cells in the presence of KorB (Fig. 7B) . A similar negative effect on mini-RA3 replication was exerted by an excess of KorC, another orf02prev repressor (20) . However, these two regulators differed significantly in the extent of instability of the intact RA3 they induced: after 20 generations in the presence of KorB, excess RA3 was lost in more than 90% of cells (Fig. 7A) , whereas it was still retained in 70% of cells after 75 generations in the presence of excess KorC (20) . The profound effect of an excess of KorB is most likely related to its function as a partitioning protein and a distorted balance with its partner IncC.
We analyzed direct interactions between the RA3 partition proteins in vivo using a BACTH system and detected homodimers of KorB and IncC and KorB-IncC heterodimers. The C terminus of KorB and the N terminus of IncC were important for both homo-and hetero-oligomerization. Our previous study showed an accessory role of Orf11 in plasmid partitioning (18) , but neither of the two major partition proteins interacted with Orf11 in the BACTH system. Studies on two IncC forms of RK2 (IncP-1) have demonstrated that the longer IncC-1 but not the shorter IncC-2 potentiates the KorB-operator binding in vivo and in vitro (49, 56) . What is more, the enhancement of the KorB RK2 binding to the operators was detected for 11 O B s but not for O B 3 (parS site), which is vital for active partition (49, 57) . In the RA3 plasmid, IncC (equivalent to IncC-2 of RK2) does not help KorB to discriminate between parS (mobCp) and the other KorB operators. The presence of either IncC or Orf11 diminished the repressive effect of KorB on both promoters tested, mobCp and orf02p, probably due to the distorted balance between free KorB and that bound in the partition complex.
Since KorB regulates two promoters of the conjugative transfer module by binding to two KorB operators, O B 2 and O B 3, upstream of mobCp and orf23p, we checked the KorB effect on the self-transmission of pJSB1.24 carrying the conjugative transfer module of RA3 and found that it transfers efficiently between E. coli strains regardless of the presence of KorB. An interesting question arises about the possible role of KorB in the regulation of conjugative transfer between hosts other than E. coli.
The KorB network is predicted to be common among IncU plasmids. The dual function of KorB in RA3 prompted us to search for homologous KorB-dependent regulatory networks among IncU or IncU-like plasmids (not formally classified into IncU group) encoding highly conserved (88 to 95% similarity) KorB partition proteins. The plasmids pTOR_01 (20,914 bp; NC_019798.1), pP2G1 (26,645 bp; NG_040969.1), pAC3 (15,872 bp; KM204147), pMBUI3 (33,736 bp; NC_025092.1), and pMBUI7 (34,006 bp; NC_025095.1) were analyzed in silico and found to contain two or three conserved predicted KorB operators (Table  4 ). An intriguing finding was also that the location of the conserved palindromic O B s followed the RA3 layout, with a few minor differences ( Table 4 ). The conserved genetic localization of the putative KorB operators suggests similar regulatory roles of homologous partition proteins in coordination of plasmid functions. Two additional plasmids, pEA3 (29,595 bp; NC_020920.1) and pEIB202 (43,703 bp; NC_013509), encode KorB homologs showing 72% and 58% similarity with KorB RA3 , respectively, and contain incomplete operators with only one arm fully conserved. In pEIB202, a copy of the operator with one mismatch in the right arm (TTTCGTAC-GcACGAAA) is located the same as O B 2 of parS in RA3, suggesting its similar role in active partition. There are also three palindromes with two mismatches (forming a complementary pair), with potential regulatory roles, one between the replication and stability blocks of genes and two in the putative conjugative transfer region. Finally, the pEA3 plasmid contains two putative O B sites in similar locations as in RA3, one at the border of the predicted replication module and the second downstream of the predicted partition operon; however, these sites diverged more significantly and could be nonfunctional.
Conclusion.
A comparison of the KorB-dependent transcriptional regulatory networks of representatives of two BHR plasmid groups, IncU and IncP-1, reveals common features but also substantial differences. KorB proteins from these two groups show the same dual functionality (partition protein and transcriptional regulator) and use spreading/bridging as the mechanism of transcriptional interference, but their regulatory roles are achieved in different ways. The complex multivalent regulatory network of RK2 is based on multiple autorepressors and overlapping regulons with four global regulators with medium-scale repression of 3-to 10-fold (11) . KorB RK2 controls replication, stable maintenance, and transfer functions by binding 12 O B s scattered throughout the plasmid. It acts as a primary or secondary repressor, binding close to or far from the regulated promoters. Most significantly, KorB RK2 potentiates its weak 3-fold repression effect by cooperating with other global repressors. The IncU plasmid RA3 encodes several autoregulators and two transcriptional repressors of global function, KorB (this work) and KorC (20) , which recognize, respectively, only three and four operators along the plasmid genome but nevertheless control all the backbone functions: replication, stable maintenance, and conjugative transfer. Their regulons overlap only at the divergent promoters at the junction between the replication and stability modules, indicating that regulation at this point is critical for proper expression levels and biological functionality of plasmid RA3. The two global regulators of RA3 seem to act independently from each other. Despite this simple network, RA3 shows stable maintenance in an extremely wide range of hosts by employing the active partition protein KorB as an important regulator of backbone genes.
The present study on KorB of RA3 (IncU group) provides a novel example of a segregation protein acting as a transcriptional regulator by utilizing its intrinsic property of DNA spreading to control gene expression at different distances from the operator site.
